Objective: Intracellular recordings from cells in entorhinal cortex tissue slices show that low-voltage fast (LVF) onset seizures are generated by inhibitory events. Here, we determined whether increased firing of interneurons occurs at the onset of spontaneous mesial-temporal LVF seizures recorded in patients. Methods: The seizure onset zone (SOZ) was identified using visual inspection of the intracranial electroencephalogram. We used wavelet clustering and temporal autocorrelations to characterize changes in single-unit activity during the onset of LVF seizures recorded from microelectrodes in mesial-temporal structures. Action potentials generated by principal neurons and interneurons (ie, putative excitatory and inhibitory neurons) were distinguished using waveform morphology and K-means clustering. Results: From a total of 200 implanted microelectrodes in 9 patients during 13 seizures, we isolated 202 single units; 140 (69.3%) of these units were located in the SOZ, and 40 (28.57%) of them were classified as inhibitory. The waveforms of both excitatory and inhibitory units remained stable during the LVF epoch (p > > 0.05). In the mesialtemporal SOZ, inhibitory interneurons increased their firing rate during LVF seizure onset (p < 0.01). Excitatory neuron firing rates peaked 10 seconds after the inhibitory neurons (p < 0.01). During LVF spread to the contralateral mesial temporal lobe, an increase in inhibitory neuron firing rate was also observed (p < 0.01). Interpretation: Our results suggest that seizure generation and spread during spontaneous mesial-temporal LVF onset events in humans may result from increased inhibitory neuron firing that spawns a subsequent increase in excitatory neuron firing and seizure evolution.
by synchronous inhibitory cell spike firing (see for review: Avoli et al, 3 de Curtis and Avoli 4 . LVF seizures, which are often heralded by an electroencephalographic (EEG) spike and immediately followed by beta-gamma frequency activity, have a regional onset and frequently involve mesial and lateral temporal lobe structures. [5] [6] [7] In addition, LVF onset seizures in patients with mesial-temporal lobe epilepsy are associated with distinct neuroanatomical changes such as atypical patterns of hippocampal sclerosis (HS), and lower likelihood for seizure freedom than patients with classical HS and hypersynchronous onset seizures, presumably due to the more extensive temporal and extratemporal epileptogenic zone. 8, 9 Findings obtained in vitro from entorhinal cortex and hippocampal tissue slices and from isolated guinea pig preparation show that 4-aminopyridine or bicuculline application induces LVF seizurelike discharges that coincide with sustained interneuron discharges and robust inhibitory postsynaptic events in principal (glutamatergic) neurons. 4, [10] [11] [12] [13] [14] In line with these findings, optogenetic stimulation of parvalbumin-or somatostatin-positive interneurons can initiate ictallike LVF onset events similar to those occurring spontaneously. [15] [16] [17] Experimentally, LVF onset seizures are also recorded in status epilepticusinduced models of mesial-temporal lobe epilepsy. Singleunit recordings obtained in vivo from the hippocampus of these epileptic animals have shown that seizure onset correlates with an arrest of principal neuron firing along with increased interneuron discharge. [18] [19] [20] [21] [22] [23] Because the specific imbalance between excitation and inhibition at LVF onset has only been observed in pharmacological and optogenetic models, the relevance to spontaneous LVF seizure genesis in humans with epilepsy remains unclear. Limited prior in vivo extracellular recordings of action potentials during spontaneous seizures with LVF onset in humans have demonstrated both highly heterogeneous ensemble activity 24, 25 and suppressed firing followed by a slowly propagating wave of increased neuronal firing. 26 In the current study, we analyzed wide bandwidth recordings from microelectrodes positioned in mesial-temporal structures of presurgical patients with drug-resistant focal seizures. We used single-unit analysis to discriminate action potentials generated by putative excitatory from inhibitory cells, and evaluated cell type-specific firing during spontaneous LVF onset seizures.
Patients and Methods

Subjects
We retrospectively analyzed data obtained from 7 patients at University of California, Los Angeles (UCLA) and 2 patients at Thomas Jefferson University (TJU) during 13 spontaneous seizures at the time of intracranial monitoring using custom 27 or commercial Behnke-Fried combined macro-and microdepth electrodes (Ad-Tech, Racine, WI), respectively. The electrodes were localized to anatomical regions as described previously. 28 The study was independently approved by the institutional review boards of UCLA and TJU, and all patients provided informed consent before participating in this research.
Only patients with LVF onset seizures in the mesialtemporal lobe were included in the study. LVF onset was confirmed by intracranial EEG (iEEG) review (S.A.W. and R.S.).
Recordings
Wide bandwidth (0.001-8 kHz) iEEG and local field potentials (LFPs) were recorded from macro-and microelectrode contacts, respectively (40k samples/sec; gain × 10,000) and amplified using an Atlas system (Neuralynx, Bozeman, MT).
In some experiments, wide bandwidth (0.001-6kHz) LFPs were recorded from microelectrodes using either a Cheetah (Neuralynx) or a NeuroPort recording system (Blackrock, Salt Lake City, UT; 28-30kAmp/s; gain x 10,000). In these latter experiments, wide bandwidth iEEG was recorded using a Stellate (XLTEK, San Diego, CA) or a 128-channel NK 1200 long-term monitoring system (Nihon-Kohden America, Foothill Ranch, CA).
Data Analysis
Extracting Seizures from Continuous LFP Recordings. Each seizure and the time of seizure onset were detected in the continuous LFP recording using custom software written in MATLAB (MathWorks, Natick, MA). For each seizure, a segment or clip of the LFP recording was generated; it contained the seizure onset and the entirety of the LVF onset pattern. In all but 1 seizure, the clip included at least a 3-minute preictal epoch. Synchronized LFP-iEEG recordings from both the microelectrodes and clinical macroelectrodes were available for 6 of the 13 seizures. and using normalized spectrograms generated using the short-time Fourier transform function in MATLAB by S.A.W. and B.E.
Single-and Multiunit Action Potential Sorting and Quality
Control. We visually inspected each LFP clip before and after bandpass (300-3,000Hz) filtering using a 1,000th
order symmetric finite impulse response digital filter. If the recordings contained neuronal action potentials and an absence of high-frequency artifact, then we used the unsupervised spike detection and sorting algorithm Wave_clus 30 to characterize single-unit activity (SUA) in the LFP. Following action potential sorting, we quantified the number of false action potentials that violated the relative and absolute refractory periods of 3 and 1 milliseconds, respectively. 31 In the case of refractory period violations, the action potential sorting was repeated using different parameters. Extracellular unit action potentials were identified using a threshold of 5.92 × median of the absolute deviation of the signal. 32 Following spike sorting, the binary vectors of SUA and multiunit activity (MUA) were downsampled to 10kHz (ie, 0.1-millisecond bins).
Single-Unit Characterization. We analyzed the mean action potential waveform of each single unit and extracted the peak amplitude asymmetry, trough to the following peak, and half width of half amplitude of the action potential. Using these features, excitatory and inhibitory neurons were differentiated on the basis of K-mean clustering. 33 Before comparing mean firing rates between putative inhibitory and excitatory neurons, spike trains were smoothed with a 100millisecond Gaussian kernel and then downsampled to 100Hz. A long-duration kernel was used because of the relatively sparse unit firing.
To characterize the firing properties of the putative excitatory and inhibitory neurons over longer epochs, we utilized 45-to 60-minute peri-ictal LFP recordings from the SOZ that were available for a subset of the patients (487, 488, 489). We first removed the ictal portions of the recording, and then identified and characterized the SUA to generate binary vectors of the action potentials in 1-millisecond bins. The mean interspike interval (ISI) was computed with a resolution of 1 millisecond and a maximal time interval of 10 seconds, using 3 distinct epochs consisting of 5 to 40 minutes of baseline, 5 minutes of preictal, and 5 to 40 minutes of postictal activity. The precise duration of these epochs depended on the time of occurrence of the seizure in the original 45-to 60-minute recording.
Changes in Waveform during LVF Epoch. To determine whether the waveforms of the putative excitatory and inhibitory neurons, and multiunit action potentials, were stable during the LVF epoch, we normalized each waveform and calculated the coefficients and score of the principal components of all the action potential waveforms during the preictal epoch. We applied these same coefficients to the action potential waveforms that occurred during the LVF epoch to derive scores for the action potentials. We next assessed the Mahalanobis distance between the centroids identified using the scores of the first and second component of the pre-and post-LVF action potentials. 34 The critical value for a significant difference in the Mahalanobis distance was derived using a chi-squared distribution with 1 degree of freedom and used to define a change in waveform morphology during the LVF epoch. . The probability that the null hypothesis holds was estimated as p = exp −Z .
36
Statistical Analysis. To determine whether single units increase firing rates prior to or during the LVF epoch, combined local regression (LOESS)-linear mixed regression models were used. The purpose of employing the LOESS models was to estimate the timing of the peak firing rate in each series by first reducing variability. The linear mixed models were based on the raw firing rates and were used to determine significant changes. LOESS was used to generate a nonparametrically smoothed firing rate profile prior to and in response to seizure onset, with a smooth parameter of 0.3. In one set of linear mixed models, observations were clustered by patient using patient random effects, and in the other they were clustered by electrode using electrode-within-patient nested random effects. For the 6 main analyses, the following subsamples were used: (1) , and models were fitted with and without a linear time-within-period effect. For sites of spread, LVF onset referred to the appearance of LVF activity at that microelectrode recording site. Comparisons of mean firing rate between periods relative to seizure onset were performed using model contrasts. Probability values less than 0.05 were considered statistically significant. All analyses were performed using SAS v9.4 (SAS Institute, Cary, NC). To find the peak time of highest firing rate, we used the local regression method to generate a single curve, find the maximum value of the curve, and get the time corresponding to it on the curve after LOESS smoothing.
Results
Description of Patients and Seizures
We analyzed LFPs and SUA recorded from 200 microelectrodes implanted in 9 patients during 13 spontaneous focal seizures with impaired awareness (Table) . Of the 9 patients, 7 were diagnosed with mesial temporal lobe epilepsy (MTLE) and seizures began in mesial temporal structures; 1 patient had mesial temporal and frontal lobe seizures, and the other had bilateral mesial temporal seizures. Of the 7 patients with unilateral MTLE, 5 had anterior temporal lobe resection and 3 became seizure-free. Only 1 of them had hippocampal sclerosis. The other 2 patients (462, TJ041) had MTLE "plus" and the SOZ included mesial-temporal lobe and temporal neocortex. In these latter patients, the seizures propagated in <1 second to the ipsilateral mesialtemporal lobe; 1 had an anterior temporal lobe resection and the other had a lateral temporal lobe resection that spared the hippocampus. Both patients continued to have seizures, although seizure frequency and severity were decreased. All the seizures recorded by the microelectrode began with an LVF EEG pattern (Fig 1A) , 5 and 7 of the 13 seizures were heralded by a single EEG spike or a polyspike prior to LVF activity (see Fig 1A) .
Isolation and Characterization of Single Units
To distinguish putative excitatory from inhibitory units, we measured the peak amplitude asymmetry, half width, and trough to peak of the mean spike waveform for each single unit (see Fig 1C 2 ). Interneurons that are putatively inhibitory neurons are known to exhibit narrower spike waveforms (ie, half width), and a higher asymmetry index reflecting a different time course of repolarization as compared to principal, that is, putative excitatory neurons. 37 Plotting these spike waveform features produced 2 distinct clusters. The cluster containing spike waveforms with a shorter half width, shorter trough to peak duration, and larger peak amplitude asymmetry were classified as putative inhibitory interneurons (see Fig 1B, C) , whereas the second cluster of spike waveforms was classified as putative excitatory principal cells. 14 Overall, we identified 100 excitatory neurons and 40 inhibitory neurons in the mesial-temporal SOZ using waveform morphology criteria. We also identified 49 excitatory neurons, and 13 inhibitory mesialtemporal neurons contralateral to the SOZ. For patient 462, who presented with MTLE + and a mesialtemporal and neocortical seizure onset, we considered the ipsilateral mesial-temporal structures as part of the SOZ because they represented the site of rapid propagation (<1 second), and neocortical resection failed to result in seizure freedom.
To provide additional evidence for the accuracy of single-unit classification as excitatory or inhibitory cells using waveform features, we also examined whether the action potentials generated by the single units classified as inhibitory neurons were more strongly phase locked to the LVF rhythm, as compared with the action potentials from single units classified as excitatory neurons.
14 The action potentials generated by human putative excitatory and inhibitory neurons both exhibited phase locking during spontaneous LVF onset seizures (see Fig 1D) , but the action potentials generated by putative inhibitory neurons (n = 94) exhibited stronger phase locking to the LVF activity (20-30Hz) compared to the action potentials recorded from putative excitatory neurons (n = 48; see Fig 1E , Wilcoxon rank sum test, p < 0.001), confirming the accuracy of neuron classification using waveform features. 14 To further confirm the accuracy of our assignments, in a subsample of the data we characterized the mean ISI of all units during a baseline (5-40 minute) epoch, a 5-minute preictal-LVF onset epoch, and a 5-to 40-minute postictal epoch. We found that action potentials generated by putative inhibitory neurons (n = 29) exhibited relatively briefer ISIs, as compared to excitatory neurons (n = 91), during the baseline and preictal epochs (Wilcoxon rank sum, p < 0.016, Bonferroni corrected; see Fig 1F) . We next examined whether the action potential waveforms of the putative excitatory and inhibitory FIGURE 5: In the seizure onset zone (SOZ), the firing rate of inhibitory neurons increases during low-voltage fast (LVF) onset and is followed by an increase in the firing rate of excitatory neurons. Comparison is shown of the mean action potential firing rate after smoothing using a Gaussian kernel for excitatory (blue) and inhibitory (red) neurons before and during LVF onset in the entorhinal cortex, hippocampus, and amygdala SOZ. Shaded areas represent the standard error of the mean.
neurons changed their morphology during the LVF seizure onset epoch. Using the first and second principal components, derived from a principal component analysis of the preictal and LVF onset action potential waveforms, we computed a single squared Mahalanobis distance value for each single unit. No single-unit action potential morphology exhibited a squared Mahalanobis distance value consistent with a significant change (p 0.05). Rather, all action potentials generated by all the units exhibited a squared Mahalanobis distance consistent with very little to no change in waveform morphology during LVF onset (Fig 2D) . 25 Because the action potential sorting process reduces the variability of waveform morphology, we also investigated whether the action potential waveform morphology of MUA was altered during LVF seizure onset. We found that MUA waveform morphology also did not change during LVF onset as quantified with the squared Mahalanobis distance (p > 0.05; see Fig 2E-G) .
Changes in the Firing Rate of Excitatory and Inhibitory Neurons during LVF Seizure Onset
Prior to LVF onset, 7 seizures exhibited a sentinel epileptiform discharge(s). In 2 of these seizures, during the sentinel epileptiform discharge the firing rates of excitatory neurons showed an increase. In 2 other seizures (462sz1, 487_44), the firing rates of both excitatory and inhibitory neurons increased. Raster plots of the SUA during individual seizures revealed that, in a subset of the seizures (TJU-49, 461, 489_30), the firing rate of inhibitory interneurons appeared to increase prior to LVF onset. However, comparing the firing patterns of the putative excitatory and inhibitory neurons during all the spontaneous LVF onset seizures revealed that the firing rate of inhibitory interneurons increased after the start of LVF activity in the mesial temporal SOZ (Figs 3-5 ; p < 0.01). Following this initial increase in inhibitory neuron firing, the firing rate of excitatory neurons increased as well (see Figs 3-5; p < 0.01). We confirmed and quantified these changes in single-unit firing rates in the SOZ prior to and during LVF onset across all the seizures (see Figs 4 and 5) . The single-unit analysis was performed after aligning each LFP to LVF onset. Spectral analysis of the aligned LFPs confirmed the accuracy of the alignment (see Fig 4A) . Across all the seizures, and for the entire duration that the seizures were analyzed, the firing pattern of excitatory and inhibitory neurons appeared heterogeneous. 24, 25 However, a change in excitatory and inhibitory firing rate was evident at the time of LVF onset (see Figs 4 and 5) . Prior to LVF onset, inhibitory interneurons in the SOZ did not increase their firing rate (p = 0.61), but following LVF onset an increase in the inhibitory neuron firing rate reached maximum after 3 seconds (n = 40, p < 0.01). In the entorhinal cortex, inhibitory cell firing peaked 12.5 seconds after LVF onset (n = 7, p < 0.01). By contrast, an increase in the excitatory neuron firing rate was not seen until 18.5 seconds after LVF onset (n = 70, p < 0.01). In the amygdala and hippocampus, excitatory cell firing peaked 13 seconds after LVF onset (n = 30, p < 0.01).
We also examined the changes in excitatory and inhibitory cell firing in sites of seizure spread, particularly in the mesial-temporal lobe contralateral to the SOZ ( Figs  6 and 7) . We found that during LVF spread to the contralateral amygdala and hippocampus, the firing rate of inhibitory interneurons peaked about 2 seconds after the onset of LVF activity in the contralateral microelectrode LFP (p < 0.01; see Figs 6 and 7). The firing rate of excitatory neurons in the sites of spread also increased, following the increase in the firing rate of inhibitory interneurons (p < 0.01).
Discussion
We studied single-and multiunit firing in LFP recordings during spontaneous LVF onset seizures in patients with mesial-temporal lobe epilepsy and found that single-and multiunit spikes did not change morphology during LVF ictal onset, and that single-unit spike waveforms could be reliably sorted and classified as being generated by putative excitatory and inhibitory neurons. During LVF onset, in the entorhinal cortex, hippocampus, and amygdala SOZ, inhibitory neurons dramatically increased their firing rate prior to an increase in excitatory neuron firing. Contralateral to the SOZ, initially during LVF spread, inhibitory neurons also increased their firing rate. Overall, our findings identify specific changes in the firing of inhibitory and excitatory cells that coincide with the onset of spontaneous LVF seizures in epileptic patients.
Accuracy and Validity of Single-Unit Spike Sorting during Seizure Onset Using both SUA analysis and MUA analysis approaches, we found that the morphology of action potentials remains unaltered during LVF oscillations in the SOZ and in sites of spread. MUA analysis was necessary for this proof, because SUA analysis may introduce a bias toward excluding action potentials with an altered morphology. 30 It should be noted that our results differ from those obtained using microelectrode arrays implanted in human neocortex, which showed how in the ictal core, single units could not be discriminated during seizures. 32 The disparity is not due to electrode placement, because in our study, the ictal core would encompass the mesial-temporal SOZ and later some of the sites of spread in patients with MTLE (see Fig 6) . 29 One reason that SUA analysis could be successfully performed in LFP recordings from the "ictal core" may be that in this previous study unit activity was analyzed during both the ictal onset pattern and the following clonic bursting. 32 In contrast, here we restricted the analysis of neuronal spiking to the LVF onset epoch and found that action potential waveform morphology was stable. 25 Demonstrating this stability was critical for establishing that action potentials from putative excitatory and inhibitory interneurons could be reliably identified during seizure onset. We used established criteria to discriminate putative excitatory principal neurons from interneurons that are putatively inhibitory on the basis of waveform morphology. 14, 33, 38, 39 Other approaches to discriminating FIGURE 7: Contralateral to the seizure onset zone, the firing rate of inhibitory neurons also increases during low-voltage fast (LVF) activity prior to an increase in the firing rate of excitatory neurons. Comparison is shown of the mean action potential firing rate after smoothing using a Gaussian kernel for excitatory (blue) and inhibitory (red) neurons prior to and during LVF onset in the amygdala and hippocampus contralateral to the seizure onset zone. Shaded areas represent the standard error of the mean.
principal neurons from interneurons have addressed the temporal autocorrelation of the spike train. 21, 29 This approach, however, may be inappropriate for ictal epochs due to the atypical neuronal firing patterns. The validity of our spike sorting approach was further supported in that the putative inhibitory neurons were phase locked to the gamma frequency occurring during LVF activity, whereas the putative excitatory neurons were less often phase locked to LVF activity. 14, 21 Inhibitory postsynaptic potentials (IPSPs) caused by the release of γ-aminobutyric acid (GABA) from inhibitory interneurons are believed to be the primary generator of gamma rhythms during cognition, 40 and perhaps IPSPs resulting from the phase locked action potentials of inhibitory interneurons also generate the LVF rhythm during seizure onset. We also recognize that the mesial-temporal structures that we sampled with microelectrodes could be damaged in some patients (due to mesial-temporal sclerosis or other lesions) and that this damage could have altered the waveforms of the single-unit spikes. However, prior single-unit studies in patients with epilepsy have shown that putative excitatory and inhibitory units can be reliably distinguished. 41 Excitatory/Inhibitory Imbalance during LVF Onset in the SOZ Across all the seizures examined in this study, in the entorhinal cortex onset zone, inhibitory neuron firing dramatically increased at LVF onset, presumably suppressing excitatory neuron firing. Approximately 10 seconds after LVF onset, we observed an increase or rebound of excitatory neuron firing. This pattern of first inhibitory, then excitatory neuron firing during LVF onset in the entorhinal cortex recapitulates the firing pattern of excitatory and inhibitory neurons in some pharmacologically induced seizures in animal models [12] [13] [14] 42 and in optogenetic studies. 15, 16, 43 In the present study, in the hippocampus and amygdala SOZ, the LVF onset pattern was also associated with increased inhibitory neuron firing. Following the increase in the inhibitory neuron firing rate, we observed a significant increase in the firing rate of excitatory neurons during LVF onset in the mesial-temporal onset zone. The role of excitatory/inhibitory balance in the hippocampus and amygdala during LVF seizure genesis has been investigated in epileptic rodents in vivo, 22 but not with optogenetic stimulating procedures. [15] [16] [17] Our findings in patients with medically refractory focal epilepsy suggest that these structures are involved in seizure genesis.
Excitatory/Inhibitory Imbalance during LVF Spread
We found that inhibitory neuron firing also increased during LVF spread in mesial-temporal lobe structures contralateral to the SOZ. Following the increase in inhibitory neuron firing, an increase in excitatory neuron firing was evident. The significance of the increase in inhibitory neuron firing during LVF spread is not yet clear. The inhibitory interneurons in the region of spread were phase locked to the LVF oscillations, suggesting that they may have been intrinsically involved in the generation of the LVF spread. Alternatively, the increase in the firing rate of local inhibitory interneurons in sites of spread could reflect an inhibitory restraint mechanism. 26, 35, 44 However, the excitatory neurons at these sites were quiescent before and during the LVF activity.
Another interpretation is that LVF activity may not be a seizure onset pattern at all, but may reflect propagation of unseen hypersynchronous onset seizures. LVF onsets are usually regional, whereas hypersynchronous onsets are usually focal, and the former are associated with a poorer outcome than the latter. 8, 9 Most often hypersynchronous seizure onset is associated with mesial-temporal lobe sclerosis, and only 1 of the 9 patients in the study cohort exhibited hippocampal sclerosis on magnetic resonance imaging and pathology. However, in a single seizure recording from a patient in a prior study, a hypersynchronous microseizure was present on microelectrode recordings prior to LVF onset seen in the clinical macroelectrodes, 29 suggesting that some of the LVF onset seizures analyzed in this study may also reflect propagated events. In the neocortex, it is unclear whether inhibition promotes or suppresses spontaneous neocortical LVF seizure genesis and spread. Calcium imaging of optogenetically kindled neocortical seizures demonstrates that inhibitory parvalbumin and somatostatin interneurons are activated prior to the excitatory neurons in the SOZ. 43 The mechanism by which the specific excitatory/inhibitory imbalance at LVF onset promotes seizure genesis is not yet resolved but may involve depolarizing GABAergic activity 45 or potassium and chloride efflux due to activation of the KCC2 cotransporter. 46, 47 It is possible that novel pharmacological interventions could reduce inhibitory interneuron overactivation and thereby prevent seizure evolution.
Conclusions
We have shown in this study that, in patients with epilepsy, spontaneous mesial-temporal LVF onset begins with increased inhibitory neuron firing. Two possible interpretations of this finding are that increased firing of inhibitory neurons could be either (1) directly responsible for LVF ictogenesis or (2) a protective mechanism preceding propagation of a distant focal ictal onset. Further studies employing pharmacological and optogenetic approaches in animal models of epilepsy are required to fully resolve this issue. Another important additional question is whether other seizure onset patterns 7 exhibit similar or distinct patterns of inhibitory/excitatory imbalance.
Data and Software Availability
Some of the raw ictal local field potential recordings are available on the international EEG portal (www.ieeg. org). Some raw and all analyzed data are available on a permanent Zenodo repository (https://www.zenodo.org/ record/836286#.WX0Ht9PyuWZ and https://zenodo. org/record/1240532#.WvHDGdPwZBw). MATLAB code used for data analysis is permanently available on GitHub (https://github.com/shennanw/lvf_code).
